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To  improve  the  performance  of  rechargeable  lithium-ion  batteries,  a  microscopic  understanding  of  the 
electrochemical  reaction  at  the  cathode  is  necessary.  The  spatial  distribution  of  the  electrode  redox  re¬ 
action  for  the  LiFeP04  cathode  was  analyzed  by  X-ray  absorption  fine  structure  (XAFS)  imaging.  Chemical 
state  maps  of  the  planar  cathode  electrode  obtained  by  the  in  situ  XAFS  imaging  revealed  the  in¬ 
homogeneity  of  the  chemical  state  of  Fe  during  the  charge/discharge  process.  The  chemical  state  maps 
for  the  reverse  charge/discharge  process  demonstrated  the  reversibility  of  the  inhomogeneous  distri¬ 
bution.  The  in-plane  radial  progress  of  the  reaction  distribution  strongly  suggests  that  the  inhomoge¬ 
neous  electrode  reaction  is  caused  by  the  difference  in  electrical  conductivity;  the  charging  and 
discharging  reactions  proceed  through  reaction  channels  with  low  electrical  resistance  in  the  cathode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  secondary  batteries  (LIBs)  are  widely  used  as  en¬ 
ergy  sources  for  portable  devices.  Recently,  the  demand  for  high- 
performance  LIBs  has  increased  for  applications  such  as  electric 
vehicles  and  storage  devices.  The  present  requirements  for  LIBs  are 
high  energy  density,  good  cycle  performance,  and  safety  in  various 
environments.  Materials  for  the  cathode  and  anode  have  been  the 
focus  of  research  and  development  to  improve  LIB  performance. 
Phosphates  and  silicates  are  promising  candidates  for  high-capacity 
cathode  materials  [1-6],  and  carbon,  silicon,  and  their  composites 
have  been  investigated  extensively  as  anode  materials  [7-10]. 
However,  mechanistic  studies  of  the  chemical  reactions  at  the 
electrodes  are  important  for  understanding  and  overcoming  the 
current  limitations  of  LIBs  and  thus  promoting  a  low-carbon  society 
that  has  a  smaller  environmental  impact. 

Lithium  iron  phosphate  (LiFePCH;  LFP)  is  a  promising  compound 
for  LIB  cathodes.  Padhi  et  al.  [11]  highlighted  its  advantages: 
abundance,  low  cost,  and  stability  of  its  olivine  crystal  structure. 
Malik  et  al.  [12]  published  a  comprehensive  review  of  the  LFP 
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cathode  and  summarized  the  Li+  ion  insertion  mechanisms.  The 
similar  lattice  structures  of  LFP  and  FePCH  (FP)  contribute  to  the 
quantitative  electrode  reaction,  meaning  the  Li+  ions  are  used 
effectively.  In  LFP,  all  the  Li+  ions  can  be  involved  in  the  electrode 
reaction,  whereas  in  LiCo02  excessive  delithiation  can  cause 
structural  collapse  [13].  However,  owing  to  their  low  electrical 
conductivity,  it  is  necessary  to  coat  the  LFP  particles  with  carbon  as 
a  conductive  material  [14,15].  The  size  and  surface  structure  of  the 
LFP  particle  also  affect  battery  performance  [4].  LFP  has  been  syn¬ 
thesized  by  using  many  conventional  techniques,  such  as  the  solid- 
state,  hydrothermal,  and  sol-gel  methods  [11,16-18  ,  as  reviewed 
by  Jugovic  et  al.  [19].  Flame  spray  pyrolysis  and  the  use  of  a  virus  to 
synthesize  amorphous  FePCH  nanowires  have  also  been  reported  as 
synthetic  methods  [20,21].  LFP  electrodes  with  porous,  hollow 
spherical,  and  high-density  structures  have  been  used  to  examine 
the  effect  of  morphology  on  electrode  performance  [22-24]. 
Various  Fe  precursors  have  been  examined  for  morphology- 
controlled  synthesis  [25].  There  are  also  many  studies  of  carbon 
sources  and  additional  compounds  for  improving  LIB  performance 
[25-31]. 

A  mechanistic  understanding  of  electrochemical  reactions  in  the 
LIB  cathode  is  also  important  for  improving  LIB  performance.  The 
reactions  that  occur  at  the  cathode  are  complicated  because  they 
consist  of  many  physicochemical  processes,  such  as  Li+  ion 
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insertion/dissociation,  redox  reactions  of  the  metal  species,  and 
structural  changes  in  the  host  crystal.  Recently,  an  in  situ  X-ray 
diffraction  study  of  the  mechanism  of  the  redox  reaction  between 
the  LFP  and  FP  particles  was  published  [32].  In  that  study,  the  short¬ 
lived  metastable  state  compensated  for  the  structural  mismatch 
between  the  LFP  and  FP  particles.  In  addition  to  this  type  of 
microscopic  study,  spatial  observations  of  larger  electrodes  are 
required  to  link  the  atomic-scale  mechanism  to  the  actual  LIB 
performance.  This  is  because  the  cathode  is  generally  manufac¬ 
tured  as  a  mixture  of  an  active  material,  a  conductive  additive,  and  a 
polymer  binder  to  increase  the  conductivity  of  both  the  lithium 
ions  and  electrons  in  the  electrode  by  increasing  the  surface  area  of 
component  particles.  Although  many  studies  have  been  performed 
to  identify  effective  conductive  additives,  the  optimal  mixing  ratio 
for  the  binder  material,  and  the  electrode  thickness  [33-37],  the 
crucial  factor  for  the  electrode  that  determine  the  LIB  performance 
under  operating  conditions  are  still  unclear.  X-Ray  absorption  fine 
structure  (XAFS)  is  the  best  technique  for  determining  the  chemical 
state  of  transition  metal  species.  Chemical  state  mapping  of  the  LFP 
cathode  by  X-ray  diffraction  has  been  reported  [38,39],  and  Ouv- 
rard  et  al.  [40]  have  recently  reported  the  reaction  distribution  of 
the  LFP  cathode  with  synchrotron  XAFS  techniques.  They  hypoth¬ 
esized  that  the  observed  heterogeneous  behavior  is  related  to  the 
quality  of  grain  connectivity  to  ionic  and  electronic  percolating 
networks.  We  have  recently  developed  the  XAFS  imaging  technique 
for  the  spatial  analysis  of  the  oxidation  state  of  transition  metal 
species  in  planar  battery  electrodes  [41  ].  In  this  study,  we  present 
the  inhomogeneous  reaction  distribution  for  the  LFP  cathode  dur¬ 
ing  operation  and  discuss  the  origin  of  the  inhomogeneous  charge/ 
discharge  process.  We  examine  the  reaction  distribution  of  LFP 
cathode  by  in  situ  XAFS  imaging  with  a  2-dimensional  detector  and 
discuss  the  dynamic  behavior  of  the  electrode  reactions  on  the 
basis  of  these  results. 

2.  Experimental 

The  XAFS  imaging  measurements  were  performed  at  the  BL-4 
beamline  of  the  SR  Center  (Ritsumeikan  University,  Japan)  and  at 
the  NW2A  beamline  of  PF-AR  (High  Energy  Accelerator  Research 
Organization,  Japan).  Details  of  the  measurement  system  have 
previously  been  described  in  the  literature  [41  ].  The  transmitted  X- 
ray  images  were  collected  by  using  a  2-dimensional  detector.  The 
images  were  converted  to  XAFS  spectra  by  scanning  the  incident  X- 
ray  energy  at  each  detector  pixel  with  a  spatial  resolution  of 
10  x  10  pm2.  The  energy  shift  caused  by  the  vertical  divergence  of 
the  X-ray  beam  on  the  monochromator  surface  was  corrected  by  a 
geometrical  correction  factor  [41].  The  chemical  state  map  was 
produced  from  the  absorption  edge  energy  (E0)  and  the  absorbance 
difference  (A /it)  between  the  pre-  and  post-edge  region  by 
analyzing  the  X-ray  absorption  near  edge  structure  (XANES).  The  E0 
value  was  defined  as  the  X-ray  energy  at  the  local  maximum  of  the 
first  derivative  of  the  XANES  spectrum.  The  chemical  state  mapping 
was  derived  from  the  E0  shift  in  response  to  the  oxidation  state  of 
the  absorbing  atoms.  It  should  be  noted  that  all  species  in  the  X-ray 
path  are  accumulated  in  the  XANES  spectrum  and  thus  their 
chemical  states  are  averaged  in  the  direction  of  the  X-ray,  which  is 
perpendicular  to  the  cathode  sheet. 

The  cathode  was  prepared  by  mixing  carbon  coated  LFP  powder, 
acetylene  black,  and  polyvinylidene  difluoride  at  a  weight  ratio  of 
8:1:1.  The  slurry  mixture  was  spread  on  an  aluminum  foil  to  a 
thickness  of  100  pm,  dried  at  353  K,  and  then  pressed.  A  current 
collector  tab  was  ultrasonically  welded  to  the  cathode  sheet.  The 
LIB  cell  was  assembled  from  the  cathode  sheet  (15  x  25  mm),  Li  foil 
as  the  anode,  separator  sheets,  and  1  mol  dm  3  LiPF6  solution  in  a 
3:7  (v/v)  mixture  of  ethylene  carbonate  and  ethyl  methyl 


carbonate.  An  aluminum-coated  laminate  envelope  was  used  as  the 
outer  shell  of  the  battery  cell.  The  assembled  cell  was  aged  by  three 
charge/discharge  cycles,  and  the  capacity  was  determined  during 
the  discharge  process.  The  cell  voltage  was  restricted  to  2.5-4.2  V 
(vs.  Li+/Li).  A  typical  charge/discharge  profile  is  shown  in 
Supplementary  Fig.  SI. 

3.  Results  and  discussion 

3.1.  Reaction  distribution  of  LFP  cathode 

Three  cells  were  charged  to  0%,  25%,  or  50%  versus  their 
discharge  capacity  and  disassembled  under  inert  atmosphere.  The 
cathode  was  washed  with  dimethyl  carbonate  and  dried  to  pre¬ 
vent  further  Li+  diffusion.  Fig.  1  shows  the  chemical  state  maps 
generated  based  on  the  oxidation  state  of  Fe.  The  cathode  sheets 
were  set  perpendicular  to  the  X-ray  beam,  and  Fig.  1  shows  the  in¬ 
plane  distribution  of  Fe  species  on  the  cathode  sheet.  The  blue  (in 
the  web  version)  pixels  correspond  to  Fe(II)  in  LFP,  and  the  red 
pixels  are  Fe(III)  in  delithiated  FP.  The  XANES  spectra  are  shown  in 
Fig.  1(a)  and  agree  with  those  measured  independently.  Yellow 
pixels  indicate  a  mixture  of  Fe(II)  and  Fe(III),  and  the  sum  of  LFP 
and  FP  reproduces  the  XANES  spectrum  well.  This  additivity  is 
consistent  with  a  previous  in  situ  XRD  study  [32],  because  the 
lifetime  of  the  metastable  state  is  too  short  to  detect  with  present 
XAFS  imaging  techniques.  The  E0  values  (7715  and  7719  eV)  used 
to  distinguish  the  Fe(II)  and  Fe(III)  states  were  determined  from 
fully  charged  and  discharged  cathodes.  The  difference  of  4  eV  is  in 
agreement  with  the  value  observed  when  using  conventional 
XAFS  [42]  and  is  similar  to  the  difference  in  Eo  (5  eV)  between  FeO 
and  Fe203. 

Rounded  interconnected  spots  of  Fe(III),  with  diameters  from 
200  to  500  pm  are  observed  during  the  charging  process,  as  shown 
in  Fig.  1(c)  and  (d).  The  ratio  of  the  areas  of  the  blue  and  red  pixels  is 
close  to  the  state  of  charge.  The  particle  radius  of  the  component 
materials  is  less  than  1  pm,  and  the  cathode  surface  is  uniform  at  a 
scale  of  10  pm,  according  to  the  scanning  electron  microscopy 
(SEM)  measurements  (Supplementary  Fig.  S2).  The  homogeneous 
distribution  of  Fe  species  is  also  supported  by  the  spatial  variation 
of  the  X-ray  absorbance  at  the  Fe  I<  edge  (Fig.  2).  The  E0  values 
change  across  the  reaction  spot,  whereas  the  values  of  Apt  are 
almost  constant.  The  obtained  maps  clearly  indicate  that  the 
oxidation  of  LFP  proceeds  heterogeneously  in  preferential  reaction 
channels.  Thus,  the  speckled  pattern  implies  that  the  resistance  to 
electron  and  Li+  migration  is  different  at  different  positions  in  the 
cathode  sheet,  as  reported  by  Ouvrard  et  al.  [40]. 

The  in-situ  experiments  revealed  the  dynamic  changeover  of  the 
inhomogeneous  reaction  distribution  during  the  charging  process. 
Chemical  state  maps  at  states  of  charge  of  0%,  10%,  20%,  30%,  40%, 
and  50%  are  shown  in  Fig.  1(e).  The  speckled  pattern  is  also  visible, 
similar  to  the  results  of  the  ex  situ  experiments  (Fig.  1(c)  and  (d)). 
Some  small  spots  corresponded  to  Fe(III)  appeared  during  the 
initial  stages  of  the  charging  process,  and  the  radial  expansion  in 
response  to  the  charging  depth  also  suggests  the  existence  of 
channels  for  the  electrode  reaction. 

Chemical  state  mapping  for  the  LFP  cathode  has  been  reported 
by  Liu  et  al.  [38]  from  microbeam  X-ray  diffraction.  Their  results 
show  that  a  highly  charged  state  is  present  close  to  the  current 
collector  tab.  In  this  study,  there  was  no  evidence  that  the  reaction 
distribution  is  related  to  the  position  of  the  current  collector  tab. 
The  XAFS  observations  of  all  the  Fe  species  in  both  crystalline  and 
amorphous  phases  may  indicate  the  reason  for  the  difference.  XAFS 
imaging  without  sample  scanning  can  produce  simultaneous 
measurements  for  all  positions,  which  is  important  for  determining 
the  extent  of  the  charge/discharge. 
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(c)  25% 
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(e)  in-situ  experiment 
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Fig.  1.  (a)  XANES  spectra  and  (b-d)  chemical  state  maps  for  the  LiFeP04  cathode  during  charging  obtained  by  ex  situ  XAFS  imaging  measurements.  The  successive  maps  obtained  by 
in  situ  XAFS  imaging  are  shown  in  (e). 


3.2.  Reaction  distribution  during  charge/ discharge  cycles 

Fig.  3  shows  the  chemical  state  maps  for  the  in  situ  measure¬ 
ments  of  two  successive  charge/discharge  cycles.  The  oxidation 
state  of  Fe  is  uniform  for  the  fully  charged/discharged  cathode 
(Fig.  3(a)  and  (b)).  The  in  situ  measurements  reveal  that  the 
chemical  state  map  during  the  middle  stage  of  the  discharge 
process  (Fig.  3(d))  is  the  reverse  of  that  during  charging  (Fig.  3(c)). 
Therefore,  the  electrode  reaction  starts  at  the  same  channel  during 
both  the  charge  and  discharge  processes,  and  the  redox  reactions 
of  the  Fe  species  occur  reversibly.  In  addition,  the  chemical  state 
maps  during  the  second  cycle  (Fig.  3(e)  and  (f))  are  very  similar  to 
those  during  the  first  cycle  (Fig.  3(c)  and  (d)).  The  spatial  distri¬ 
bution  of  the  reaction  channels  is  maintained  during  repeated 
charge/discharge  cycles,  although  a  uniform  distribution  appears 
in  the  fully  charged/discharged  state.  We  observed  the  reproduc¬ 
ibility  and  reversibility  of  the  inhomogeneous  electrode  reaction 
for  the  first  time  in  this  study  by  using  the  in  situ  XAFS  imaging 
technique. 

The  inhomogeneous  distribution  observed  in  this  study  is 
attributed  to  the  spatial  difference  in  the  electrical  resistance, 
which  depend  on  the  mobility  of  electrons  and  Li+  ions.  Fligher 
mobility  corresponds  to  lower  electrical  resistance.  Positions  in  the 


cathode  sheet  where  the  resistance  is  low  become  reaction  chan¬ 
nels  at  which  the  electrode  reaction  occurs  preferentially. 

3.3.  Origin  of  reaction  distribution 

Electrical  resistance  is  produced  at  the  interfaces  between  the 
particles  of  the  conductive  additive  (carbon)  and  between  the  ad¬ 
ditive  and  the  active  material  particles.  Because  the  electrical 
conductivity  of  LFP  is  very  low  (10  9-10  10  S  cm-1)  [43],  the  LFP 
particles  are  homogeneously  coated  with  conductive  carbon.  The 
electrical  resistance  between  the  LFP  and  carbon  is  almost  the  same 
for  all  LFP  particles  with  radii  less  than  1  pm,  so  that  the  electrical 
resistance  at  the  interface  does  not  contribute  to  the  reaction  dis¬ 
tribution  at  the  hundred  micrometer  to  millimeter  scale.  In  addi¬ 
tion,  the  Li+  diffusion  between  the  electrolyte  and  the  active 
material  can  contribute  to  ionic  resistance,  and  the  ionic  conduc¬ 
tivity  may  not  produce  a  large-scale  reaction  distribution  because 
of  the  much  smaller  particle  size  of  LFP. 

Resistance  to  electron  and  Li+  migration  also  exists  in  LFP  par¬ 
ticles.  The  migration  mechanisms  for  the  charge/discharge  reaction 
in  a  single  LFP  particle  have  been  reported  [11,32,44-48].  The  LFP 
and  FP  phases  are  thought  to  coexist  in  the  particles,  and  the  phase 
transition  can  be  expressed  in  terms  of  the  domino  cascade  model 


M.  Katayama  et  al.  /  Journal  of  Power  Sources  269  (2014)  994-999 


997 


Fig.  2.  Values  of  A  fit  and  E0  across  the  selected  reaction  spot. 

[47].  Recently,  a  metastable  phase  was  demonstrated  by  time- 
resolved  X-ray  diffraction  [32,49];  however,  this  short-lived  spe¬ 
cies  was  not  detected  by  the  XAFS  imaging  method  for  equilibrated 
states.  Because  particles  with  different  resistances  are  randomly 


distributed  over  the  cathode  sheet,  the  resistance  variation  of  the 
LFP  particles  cannot  explain  the  radial  progress  of  the  electrode 
reaction  at  the  reaction  channel. 

The  cathode  mixture,  composed  of  the  active  material  and 
conductive  additive,  is  filled  with  the  electrolyte  solution.  The 
solid-phase  ratio  in  the  cathode  mixture  is  estimated  to  be  about 
35%,  on  the  basis  of  electrode  density  and  the  thickness.  Thus,  Li+ 
ion  diffusion  is  considered  to  be  homogeneous  in  the  spongy 
cathode  mixture  and  does  not  explain  the  reaction  distribution 
and  its  radial  expansion.  The  electrons  move  through  the 
conductive  particles  and  carbon  coating  and  come  into  contact 
with  the  active  material  with  the  current  collector.  Therefore,  the 
pathways  with  low  electrical  resistance  are  different  at  different 
positions  in  the  cathode  sheet,  depending  on  the  filling  pattern  of 
the  LFP  particles  with  low  conductivity.  The  tree-like  develop¬ 
ment  of  these  electron  pathways  can  explain  the  radial  expansion 
of  the  inhomogeneous  distribution.  Therefore,  these  pathways 
form  the  reaction  channel,  which  is  the  origin  of  the  inhomoge¬ 
neous  reaction  distribution  observed  in  this  study.  The  electron 
pathways  are  maintained  during  the  charge/discharge  cycles 
because  the  solid  particles  are  stationary,  which  explains  the 
reversibility  and  the  reproducibility  of  the  inhomogeneous 
distribution. 

Ouvrard  et  al.  have  reported  the  reaction  distribution  origi¬ 
nating  from  the  pressure  difference  in  the  battery  cell  [40].  The 
physical  contact  between  cathode  particles  is  increased  by  pressure 
on  the  electrode.  This  can  be  explained  by  the  spatial  difference  in 
the  electronic  conductivity.  In  contrast,  the  Al-laminated  bag  cell 
used  in  this  study  was  kept  at  a  constant  pressure  over  the  cathode 
sheet.  The  radial  distribution  shown  in  Fig.  1  is  not  caused  by  a 
difference  in  the  confining  pressures. 


(b)  100%  (d)  1st  discharge  (f)  2nd  discharge 


Fig.  3.  Chemical  state  maps  for  the  in  situ  XAFS  imaging  measurements  during  two  successive  charge/discharge  cycles.  The  first  charge  process  is  from  (a)  to  (b)  via  (c),  at  which  the 
state  of  charge  is  50%  versus  the  discharge  capacity.  The  map  in  (d)  is  at  a  state  of  charge  of  50%  during  the  first  discharge  process.  The  corresponding  maps  for  the  second  cycle  are 
given  in  (e)  and  (f). 
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(a)  8:1 :1, 100  |jm 


(b)  8:1 :1,  50  pm 


(c)  7:2:1, 100  |jm 


500  pm 

Fig.  4.  Comparison  of  reaction  distributions  for  cathodes  fabricated  under  different  preparation  conditions.  The  weight  ratios  of  LFP,  acetylene  black,  and  polyvinylidene  difluoride 
and  the  applied  thickness  of  the  cathode  mixture  are  given. 


This  conclusion  is  supported  by  further  XAFS  imaging  of  the  two 
cathodes  with  different  compositions  and  thicknesses.  One  cathode 
was  prepared  with  half  the  previous  thickness.  The  other  cathode 
was  prepared  with  a  ratio  of  cathode  materials  of  7:2:1  to  increase 
the  amount  of  conductive  additive.  Fig.  4  shows  the  chemical  state 
maps  obtained  at  a  charging  depth  of  50%.  The  number  of  reaction 
channels  increased  for  the  thinner  cathode  as  shown  in  Fig.  4(b), 
because  the  shorter  electron  pathways  increased  the  generation 
possibility  of  reaction  channels.  Increasing  the  amount  of  conduc¬ 
tive  additive  makes  the  reaction  distribution  more  uniform 
(Fig.  4(c)).  The  carbon  additive  contributes  to  the  development  of 
electron  pathways. 

4.  Conclusion 

The  inhomogeneous  reaction  distribution  of  active  materials  in 
an  LFP  cathode  of  LIB  has  been  demonstrated  by  using  our  XAFS 
imaging  technique.  The  electrode  reaction  occurs  in  the  reaction 
channels  and  expands  radially.  The  inhomogeneous  distribution  is 
reproduced  and  reversed  during  the  charge/discharge  cycles.  These 
results  suggest  that  the  reaction  channels  correspond  to  low- 
resistance  electron  pathways  through  the  electrode.  This  under¬ 
standing  of  the  reaction  distribution  can  be  used  to  improve  battery 
performance  because  it  affects  the  lifetime  and  rate  properties  of 
LIBs.  It  is  necessary  also  to  investigate  the  chemical  distribution  on 
micrometer  to  millimeter  scales  by  XAFS  imaging  to  fill  the  gap 
between  nanometer-scale  scientific  research  and  millimeter-scale 
industrial  applications. 
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